Introduction
The visual surface brightness, S w , of a star may be found from its absolute visual magnitude, Af v , and radius, F, via the equation M v -5 V +5 log F = constant.
(
Alternatively, we may write 
where F v is linearly related to S v , F 0 is the unreddened stellar apparent magnitude, 0 the angular diameter in milliarcsec, F e ff the effective temperature and BC the bolometric correction. Knowledge of F v (or Sy) is extremely useful in various astrophysical problems such as the determination of the distances of cepheid variables (Barnes et al 1977) and eclipsing binaries (Lacy 1977 (Lacy , 1978 . Clearly F v will be correlated with colours such as F-F, F-F and R-I since both these colours and F v depend on stellar effective temperature. Wesselink (1969) stimulated recent work on the problem by obtaining a tight correlation between 5 V and B-V, using ¿V values obtained from apparent visual magnitudes and stellar angular diameters. Barnes & Evans (1976) subsequently showed that Wesselink's relation did not hold for M stars and also showed that a satisfactory relation did hold if B-V was replaced by V-R. They deduced the value of 4.2207 for the constant in equation (2) . Further discussion of this latter relation has been given by Barnes, Evans & Parsons (1976) and Barnes, Evans & Moffett (1978) .
It is readily possible to see why the F v -(i?-F) relation should fail for the M starsabsorption by TiO destroys the relation between B-V and Feff. It is not immediately obvious, however, why the relation between F v and V-R is tighter than that between F v and R-f as found by Barnes & Evans (1976) . The F^-fV-R) relation is known to give erroneous values for long period cepheids (Barnes 1979) and may run into difficulties for other types of stars such as metal poor RRLyrae variables. In view of the great potential value of knowledge of F v , it appears to be desirable to examine the validity of the relations using theoretical colours for various stellar models. The basic question is whether the influence of abundance and gravity differences between stars are sufficiently great that they must be allowed for if colours are to be used to find F v . This is the problem to be examined in the present paper, using the theoretical colours of Bell & Gustafsson (1978) for models with 6000 > Jeff > 4000 K and the Vega model of Dreiling & Bell (1979) .
Surface brightness-colour relations
Since the calculations of (F-F) and (R-I) on the Johnson system have to be carried out in a rather circuitous manner, this section is divided into two parts -first, the colour calculations and, secondly, the F v -colour diagrams.
THE COLOUR CALCULATIONS
The F W -(B-V) relations can be established directly from the published colours of Bell & Gustafsson (1978) and unpublished values of S v which were computed as part of their work. A general discussion of these colours has been given by Gustafsson & Bell (1979) . The computation of (F-F)j and (R-/)j (the Johnson system colours) is more uncertain, in view of Johnson's (1965) comments on the sensitivity functions he published for the R and / bands. A more detailed discussion of the problem will be given elsewhere. In brief, however, we have computed synthetic colours using the very well defined pass bands of the Cousins system (given by Bessell 1979), the Eggen-Kron system (Eggen 1975) and the UBVRI system proposed by Bessell (1976) for a Ga-As photomultiplier as well as the Johnson (1965) system. The synthetic spectra used are extensions of those used by Bell & Gustafsson (1978) with allowance for line absorption out to 12 000Â. Further details of these calculations will be given elsewhere (Bell & Gustafsson, in preparation) . We use the transformation equations given by Bessell (1979) to transform (F-R)c, (V-R on the Cousins system) to (F-F)j and we transform Eggen (R-I) K to (R-/)j. Bessell (1979) gives the transformation
This equation is plotted in Fig. 1 , together with the computed colours of some models on the two systems. It is seen that the overall relation between the two sets of synthetic colours (given by the dashed line) of (V-R)c ~ 0.83(F-R)j -0.116 is a quite reasonable fit. It is unfortunate that the (F-AE)j colours must be computed in this roundabout fashion but we note that the use of the Johnson (1965) sensitivity functions gives a computed (F-AE)j for Vega that is in error by 0.15 mag, using 0 2 Ori as the zero point star (Dreiling & Bell 1979) , an error which seems much too large to be explained by errors in the Vega and 0 2 Ori model fluxes. The computed (y-R)c colour of Vega is -0.045 whence the (F-AE)j value is computed to be -0.01 from the above formula. The corresponding observed values are -0.009 (Bessell, private communication) and -0.04 (Johnson, Mitchell & Latham 1967) . We would like to check the transformation equations for possible gravity and abundance dependence. As a first step, we have computed the colours of the very metal poor giant HD 122563, using the model T Qn l\oggl[A/H] = 4600/1.2/-2.7 (the parameters being those of Wolffram 1972). The computed (F-AE) c of 0.54 is in exact agreement with the observed value and then transforms to (F-AE)j = 0.79, versus the observed value of 0.82 (Johnson, MacArthur & Mitchell 1968) . This is acceptable accuracy. The question of possible gravity dependence will be examined elsewhere. R. A. Bell and B. Gustafsson It is possible to use the Cousins (R-l) c colours to deduce colours in the same way. However, the Eggen-Kron system colour (R-Í) K (Eggen 1975) , which has rather similar pass bands to the Johnson system, seems preferable.^ A comparison of the computed (AE-/) K and (R-I)c colours shows that Bessell's transformation equation, (R-I)c = 0*118 + 1.03(AE-/) k , fits all the models quite well. However, this equation is intended to hold only for (R-I) k bluer than 0.35 and for redder stars the equation is (AE-/) c = 0.033 +1.246 (R-I) k . The physical reason for the slope change is unknown and further comparison of model and observed colours around (AE-7) K = 0.35 is needed. It may be significant, for example, that the stars slightly redder than 0.35 are all dwarfs. We also computed (R-I)} from (R-Í) c using Bessell's (1979) transformation and found acceptable agreement for the purposes of the present paper with (R-f)} deduced from (i?-/) K . The values of (R-I)i deduced from {R-I)q are bluer by up to 0.04mag for the redder stars ((/?-/) K > 0.38) and redder by up to 0.04 mag for the bluer stars. For the remainder of this paper, we use (/?-/) K to deduce (ft-/)j except that we alter the constant term so that the equation is exact for 0 2 Ori, i.e. we use the transformation {R-I)} = 1.25(i?-/) K + 0.075.
The model 4600/1.2/-2.7 is computed to have (AE-/) K = 0.415, which transforms to {R-I)} = 0.59, in excellent agreement with the observed value of 0.58 (Johnson, Mac Arthur & Mitchell 1968) for HD 122563. The observed {R-I) K for HD 122563 is 0.40 (Bessell 1977 ).
Whilst we have not carried out a systematic study of the effects of TiO, it is possible to make some comments about how TiO lines will affect the colours discussed here, guided by calculations using the model 3750/0.75/0.0. We have considered the triplet systems a, y and 7'.
The head of the 2-0 band of the a system at 4760 Â is visible in our synthetic spectra and other bands of this system (e.g. the 3-1,0-0,0-1) can be seen at longer wavelengths. The a system bands occur only in the tail of the B response function whereas they are distributed throughout the entire V response function. In a K giant solar abundance model, the line blocking in the B pass band is greater than that in the V whereas in an M giant model the TiO lines cause the converse to be true. This change in the line blocking counteracts the thermal change in B-Vproduced by the lower temperature of the M giant.
Lines of the 7 and 7' systems occur at wavelengths between 6000 and 8500 Â with the strongest absorption being around 6160Â and redward (the y' 0-0 band) and 7050 Â and redward (the 7 0-0 band). Both the R and I pass bands of the Cousins system will be affected by these lines, the effect on R being probably greater. The I K and /j magnitudes may well be less affected still since they detect radiation beyond 8500 Â where the only TiO absorption is the singlet ô system. (This difference in sensitivity to TiO might well be detectable in the transformation equations between the colours.) Since TiO blocking affects both R and /, as well as V, both V-R and AE-/will become steadily redder with decreasing T e ff.
Preliminary results indicate that the slopes of the F v -(V-R)j and F v -(R-I)j Population I lines between 1.05 < (V-R)j < 1.65 and 0.75 < (R-I)j < 1.05 are approximately the same as they are for bluer colours whereas the B-V colour reaches a maximum of 1.5. A drastic slope change occurs in the F v -(B-V) relation between B-V= 1.4 and 1.5.
The TiO effects are obviously much smaller in metal poor stars.
*The transformation equation proposed by Eggen, viz. 1.25(/?-/)k+0.10 conceals the similarity of passbands in the sense that Eggen writes (R-I)j^ = 0.75 (r-O + const, where r-i is his natural colour and the factor of 0.75 is introduced to transform the colours onto the Kron, Gascoigne & White (1957) system (c/Eggen 1975).
THE F v -COLOUR DIAGRAMS
The F v~( B-V) diagram of the models is plotted as Fig. 2 , using the Vega model of Dreiling & Bell (1979) and the [A/H] = 0.0 and -2.0 models of Bell & Gustafsson (1978) . The metal deficient models have r e ff and log g corresponding to the giant branch of M92 (Bell, Dickens & Gustafsson 1979) . It is quite clear that there is not a unique relation between F v and B-V for the cooler [A/H] = 0.0 models, even though TiO lines are not included in the computations and, in fact, would not be expected to affect the stellar V magnitudes appreciably at these F e ff. The lower continuous opacity in cooler lower gravity models causes the spectral lines to be stronger and these models are consequently redder than the higher gravity ones. Gustafsson & Bell (1979) have deduced gravities for luminosity class III stars and we use their values to draw the mean line, termed the Population I line, in Fig. 2 (and subsequent  figures) . This line is the appropriate one to use for comparison with the observations since all the Barnes, Evans & Moffett (1978) stars with 0.65 <B-V< 1.5 that are used in the observational calibration are giants except for one supergiant. The stars are plotted in Fig. 3 . The only A star plotted is Vega, since this is the only hotter star for which a model atmosphere of our own computation is available. Procyon and ô CMa are plotted to investigate trends in the stars a little hotter than 6000 K. HR 2013 and yDra are not plotted because of the relatively large error in their angular diameters. The calculated Population I line is also plotted in Fig. 3 and is seen to give a good fit to the observations. The best straight line fit to the calculated line is F v = 3.965 -0.265 (B-V). The zero point of the theoretical surface brightness scale, relative to the observational scale, has been found by using the fit to the observations of Vega. This zero point is used in subsequent diagrams.
A strong metal abundance effect should also exist in the F w -(ß-V) diagram -e.g. the model 4250/1.5/-0.5 lies 0.07 mag to the blue of the Population I line. This model is Since only one cool supergiant star (e Gem) has been observed, it is difficult to check the prediction that the lower gravity stars should lie to the red of the Population I line drawn in Fig. 3 . The observations of e Gem do not contradict the idea. We note that the Bell & Gustafsson colours were computed for models with higher gravities and lower values of Doppler Broadening Velocity than are appropriate for G supergiants and it would be interesting to determine the F v -(B-V) diagram using more appropriate models. Whilst e Gem is slightly reddened, the slope of the reddening line is similar to that of the Population I line and small errors in E(ß-V) should not affect the results.
The Fy-iV-R) diagram of the models is plotted as Fig. 4 for various models. The dependence of V-R on logg is very small for the models considered here. The [A/H] = -2.0 models are redder than the solar abundance models at 4000 K but at 4500 and 5000 K the difference is very small. The overall fit of the Population I line to the observations (shown in Fig. 5 ) is quite good, although a slightly steeper slope would give a better fit. Most of the cooler stars are bluer than the models. Arcturus now lies on the Population I line, as might be expected from the small dependence of F-AE on metal abundance. In the colour range 0.0 < (F-AE) < 1.1, the Population I line drawn in Figs 4 and 5 is represented very well by the equation i 7 v = 3.965 -0.42(K-AE). This is very similar to the equation found by Barnes & Evans (1976) for A-K stars viz. F v = 3.977 -0.429(K-AE). It should be noted that the systematic discrepancy, suggested by Barnes et al (1978) , between models and stars in the F v -(y~R) diagram is not verified by us.
The gravity effect on (jR-/)j (deduced from (AE-7) K ) is also very small for the models considered. Lower metal abundances move the M92 giant branch line to the red (as shown in Fig. 6 ) away from the corresponding [^4/i/] = 0.0 line. A linear relation fits the F v and (jR-/)j values quite well, the equation being F v = 3. 965 -0.46(F-/) . The fit to the observations (Fig. 7) is about the same as it is for the (F-F) case. The earlier discussion of the computation of (F-/)j suggests that a somewhat better fit would have been obtained if (R-I)j had been obtained from (R-I)c instead of (F-/)k, as the cooler models would then be slightly bluer.
Inspection of Figs 3, 5 and 7 shows that some stars are persistently displaced from the Population I line. These include the GO V star x 1 Ori and the G9 HI star v Leo. Since the Sun Figure 6 . As Fig. 4 , the colour being lies on the Population I line, the problem with x^ri may well lie in its measured angular diameter. A similar explanation may hold for v Leo. It is difficult to think of an error in the theoretical fluxes or colours as a reason for the problem with these objects, whereas the measured angular diameters are very small. The error limits on the F w value of 1 Cnc are large and presumably a more accurate angular diameter would move it nearer the Population I line. 
Conclusions
The overall fit of the models and stars in the F W -(B-V) diagram is good. The theory does not fit the observations quite as well in the F V -(F-AE) and F V -(R-I) diagrams. This may be due in part to the problem of computing precise (F-F) and (F-/)j colours from the synthetic spectra and observations of the calibrating stars on the Cousins system would be very helpful in investigating this point further. In principle, however, the abundance and gravity effects on the basically thermal relationship are smallest for the V-R colour and we consequently expect this diagram to show the least scatter in the colour range which we have considered. One reason why Barnes & Evans (1976) consider that the F v -(F-F) diagram shows the least scatter is that they have included M stars in their discussion and the B-V colours are affected by TiO bands. When discussing the fit of the models to the stars, it is also important to bear in mind that Figs 3, 5 and 7 represent the fit of a mean line for [A/H] = 0.0 models to the observations, using the logg-F e ff mean relation of Gustafsson & Bell (1979) for luminosity class III stars. A more thorough treatment of the problem would require more detailed knowledge of the individual properties of the calibrating stars -their temperatures, gravities and chemical compositions. It would also be desirable to investigate further the effects of changes in Doppler Broadening Velocity and carbon and nitrogen abundances on the colours of the models. Nevertheless, the present paper does show that current stellar colour calculations do explain the observed relationships quite well, at least in the spectral range AO-K5. It is gratifying that the observed and computed relationships between F v and (F-F) agree. The calculations presented here suggest that uncertainties in stellar chemical composition and surface gravity will cause errors of less than 0.002 in the value of F v deduced from the mean F v -(F-F) relationship. This statement applies for models with 6000 K > r e ff > 4000 K, 0.0 > [A/H] > -2.0, and 3.0 > logg > 0.75. Preliminary calculations indicate the statement is also true for Population I dwarf models. We do not know what abundance and gravity effects are predicted by the models at T Qñ > 6000K. These effects will be investigated in a further paper.
